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The onset of the aggregative mode of liquid—solid fluidization was explored. The experimental
ings were interpreted by means of the dynamic (elastic) wave velocity and the voidage prop:
(continuity) wave velocity. For widely different systems, the mapping of regimes has been pre:
in terms of the Archimedes number, the Froude number and the fluid—solid density ratio. Th
posed diagram also depicts the typical Geldart’s Group A particles fluidized with air.
Key words: Particulate and aggregative fluidization; Transition; Mapping of regimes.

A liquid can be employed to fluidize a mass of solid partici&milarly as in gas
fluidization, the system is characterized by a minimum fluidization velotity, at
which the drag force exerted on the particles by the upward flowing fluid just bale
the effective particle weight (weight minus buoyancy fotéefor velocities smaller
thanU,,;, the bed is in the fixed (static) state condition, for velocities greatetdtfjan
the bed is fluidized. It expands either homogeneously (a particulate, smooth, nor
bling manner of fluidization) as the fluid velocity is increased or the amount of flui
excess ofU, bypasses the bed as bubbles (a heterogeneous, aggregative, bt
mode of fluidization). By the bubbles we mean different-shaped pockets (inhomo
ities) of fluidizing fluid almost free of particles. Unlike the gas—solid systems, the
jority of liquid fluidized beds tend to fluidize without forming bubbles.

Current industrial applications of gas fluidized beds are much more numerous
those of liquid fluidized beds. Quite recently, however, new processes are beir
plored involving the use of liquid—solids beds in the areas of water treatment, hyd
tallurgy, food production and biochemical proces$ing

The purpose of this article is to explore the transition between particulate and «
gative fluidization,.e., the minimum bubbling conditions for liquid fluidized beds.
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THEORETICAL

Homogeneous (Particulate) Expansion

It is commonly accepted that liquid fluidized beds expand in a homogeneous moc
a flat, sharp interface between the top of bed and freeboard is generally preserve
should realize that the effects of factors on the bed expansion such as particle
larities, particle size distributions should always be taken into account. Moreove
influence of the distributor design and the ratio of particle size to column diamete
also be significant. This work is confined to spherical, nearly monosized part
fluidized in vessels at which the effects of the physical boundaries are negligible.
The increase of bed voidage with the increasing superficial velocity of flljids
described by a purely empirical relationship (hich is generally known as the R
chardson-Zaki equatién

U/U,=Re/Reg=¢" , @

where the exponenn, is a function of the Reynolds number under terminal free-
conditions,Reg. For different ways of predictinRe, a reader is referred to a rece
article of ours. The values oRg were also rigorously computed for Ar [1, 4 . 160

and tabulated in this wotkGarside and Al-Diboufiproposed than should be evalu-
ated from

5.09+ 0.284Re877

n= 2
1.0+ 0.104Re?877 (2)

for Rg 0 1073 3. 100
In order to avoid the prior prediction Bfin the estimation ofi, Khan and Richardsén
expressed the exponent n with the aid of the Archimedes number as

_ 4.8+ 0.103Ar 057
n=
1.0+ 0.043Ar 057

©)

for Ar 0 [0.1, 160

Comparison of the empirical correlatiord @nd @) for the Richardson—-Zaki expo
nent is presented in Fig. 1. The differences between the valuegreflicted by the
newer correlations2 and ) are about 10%. The relation betwe®nandRg is given
below by Egs 12) and (3). A sharp drop in the exponemt, when moving from the
viscous flow regimeRg < 1) to the Newtonian flow regimd&kg > 1 000) is visualized
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in Fig. 1. Similar correlations of other authors for the expomeate reviewed and
compared elsewheté

Other relationships have been developed which also describe, more or less, s:
torily, the log-linear expansion characteristics expressed bylEqU{lizing the data
of Garside and Al-Diboufij we obtained a common voidage function for the en
flow regime

1.44Re-8%4 + 20.3Re - e473%r = 0 @

for Red [Re,;, RgOande O [8,, 10

It is apparent that, in addition to accuracy and convenience, a desired corre
should also describe the boundary situatiores, the point of minimum fluidization
(Rens, €m) and the free-fall conditiondRg, € = 1). With respect to a very wide ranc
of pertinent flow conditionsReg 0 [1073, 10%), these requirements are very severe.

Onset of Aggregative (Bubbling) Behaviour

The occurrence of bubbling phenomena in liquid fluidized beds was first reporte
most fifty years ago by Wilhelm and Kwaikn work with lead shots and water. Th
behaviour of bubbling liquid and gas fluidized beds is similar in many aspects
example, voids in liquid fluidized beds correspond to the passage of gas bubk
beds fluidized with gas. The start of aggregative behaviour can be easily detec
both the systems for example by measuring the pressure fluctuations within the |

Wallis! considered the occurrence of particle-phase pressure which leads to tl
istence of dynamic waves in solid—fluid systems. Such waves may either grow
shocks (voids, bubbles) or decay depending on the magnitude of their velocity re

0.054 3.90 114 Rey 1817

Fe. 1
Comparison of the correlations for the Richar
son—Zaki exponent: 1 according to Garside anc
Al-Dibouni®, Eq. @); 2 Khan and Richardsdn

| |
1 1.10° 1.10° Ar 1108 Ed. @)
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to that of the continuity waves. This poing., the development of bubbles (void:
from the growth of small perturbations, is still a matter of interest and some
troversy. According to the studies of Walfig?2 and Walliset al*3the system is stable
(particulate behaviour) if the dynamic (elastic) wave velodity, is greater than the
continuity wave velocityl,. The system is unstable (aggregative, bubbling behavit
if the continuity wave velocity exceeds the dynamic wave velocity.

Foscolo and Gibilard—'%developed a dynamic, fluid-particle interaction model o
particulate fluidized bed. Their model made it possible to formulate the genera
bility criterion of Wallist! for the onset of aggregative behaviour quite specifica
Based on this model, the elastic wave velocity (that is analogous to the veloc
sound in a compressible fluid) is given as

Ue = [3.204, (1 - ) (ps — p)Ipd™? . ®)

The quantityU,expresses the maximum velocity at which the small voidage dist
ances can propagate throughout a bed without developing shock fronts (inhomc
ities, voids, bubbles).

The voidage propagation velocity,, is expressed by

U, = nU, (1L —g)e™t | (6)
The Wallis’s stability criterion is stated as follows:

U, @

AN 1A

where the sign > holds for stable (particulate, homogeneous) behaviour, the ¢
holds for unstable (aggregative, heterogeneous) behaviour and the sign = holds
stability limit (the boundary line between homogeneous and heterogeneous beha
It can be simply expressed with the use of Ex}sa0d 6).

WhenU, > U, the voidage disturbances decay rapidly to the equilibrium cond
and the system is stable (homogeneously expanded bed). On the other hand, swbgn
the disturbances tend to grow rapidly, inhomogeneities develop, and the systt
unstable (heterogeneously expanded bed). In the operation regime forUykidh, a
stability limit is just attained. In other words, the equalityUpfand U, defines the
boundary between homogeneous (particulate) and heterogeneous (aggregative) beha
a fluidized bed. The equality,= U, determines the voidage at which a possil
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transition between particulate and aggregative fluidization occurs. On this basi
point of minimum bubbling, explored for example by Broadhurst and B¥ckem be
defined as the condition where the dynamic and continuity wave velocities be
equal.

Although the above relationships may seem formally simple, the general hyd
namic behaviour of the fluid—solid systems is an intricate one. This is demonstrate
example, by the dependence of the exporrerdnReg or Ar shown in Fig. 1. Moreover,
the velocity of the continuity wavél,, given by Eg. §), is a non-linear function of the
voidage,e, and exhibits an extremal behaviour.

The critical condition at which the bubbling just starts, the minimum bubbling
criterion, can also be expressed in terms of the common dimensionless gxouRg (
and De). On introducing these non-dimensional groups into Ejs({), we can get
after some manipulations for the onset of bubbling (boundary between homoge
and heterogeneous behaviour, stability limit)

2
(Ar De)¥2 - %3;2% ne™Rg=0 U.= U] (8)
0320
or
Fr/(1-De) - 3.2/[(1 - €)n’e®™?] =0 c=U] (9)

whereDe is the density ratidDe = p/p,, and the Froude numbéftr, is defined as

Fr=U{/(gd,) = (Ref/Ar) (1 - De)/De (10
or

Fr=Re?/Ga . @11a

In other words, the original Wallis’s criterion, given by Ef, for stable, particulate
behaviour (homogeneous expansion) can be expressed with respect to the abo
as

Fr/(1-De) <3.2/[[(1 - &)n?e®™?]  [U,>U,] . (11b
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EXPERIMENTAL

All experiments were performed at 26 in a glass fluidization column of internal diameer 51

mm. The column was provided with a perforated plate distributor with 0.5 mm circular orifices
relative area of the perforations was as large as 0.63%. With the use of a thermostat, the tem
in the bed section was maintained within 0.2 K along its length. A pump was employed to cir
the fluidizing liquid (water), and the flow rate was measured by a calibrated rotameter manifol

The distilled water was employed as the fluidizing fluid. Its literature values of density an
namic viscosity amount tp; = 996.9 kg m®and i = 0.8937 mPa s, respectively.

Three fractions (sieve cuts) of steel sphe[_i;sz(O.Z, 0.5 and 1.0 mm) and two fractions of gla
spheresd, = 1.5 and 2.5 mm) were investigated in this study. The solid densities were found
as large aps= 7 700 kg m? (steel) andog= 2 700 kg me (glass). The basic physical parameters
the above systems are given in Table I.

The voidage of bed was determined from the measured height of expanded, laedording to
relationship

£=1-W(FHpy) . 119

RESULTS AND DISCUSSION

The experiments were performed to observe the bed homogeneity (fluidization qt
for the range of voidage O [0.4, 0.9]1 The flow rate of water was increased gradua
from the onset of fluidizationU = U, € = £,; = 0.4) until the observations of be
surface became difficult due to the turbulent vortexing at high fluid velocities.

It is apparent that the beds of steel particles are apt to expand aggregatively
than glass particles because of their markedly higher depsity7(700vs 2 700 kg md).
Three fractions of steel spheres were used to examine expansion of such fluidize
pensions. Smooth fluidization of the smallest partiaigs 0.2 mm) was observed. Th

TaBLE |
Physical properties of the spherical solids and terminal velocity conditions in water@t 25

Material Size range ap Ps Ar Reg U, n Fr
mm mm kg m? m st Eq. @
Steel 0.15-0.25 0.2 7 700 656.5 17.2 0.0771 3.77 3.03
0.55-0.45 0.5 10 260 115.2 0.206 2.66 8.70
0.9-1.1 1.0 82 060 429.5 0.385 2.49 15.1
Glass 1.4-1.6 15 2700 70370 391.0 0.234 2.49 3.71
2.3-2.7 2.5 325 680 972.0 0.348 2.44 4.95

Properties of water at 25C: p; = 996.9 kg m°, j; = 0.8937 mPa s.
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bed expanded in a uniform manner with increasing fluid velocity and the transitit
aggregative behaviour did not occur. However, this was not the case of the large
ticles @,= 0.5 mm) in which voidage pockets become visible at a voidage of abou
At this moment, the bed surface, originally flat and well-defined, showed fluctua
that considerably increased with further increasing fluid velocity. Such an appes
is characteristic of beds fluidized with gas. The behaviour of the largest steel pa
(dy = 1.0 mm) was not quite easy to classify in the vicinity of the point of minin
fluidization. Smaller voidage discontinuities were likely to occur at the column w
As the liquid velocity was somewhat increased, pockets of liquid were clearly vi
and considerable fluctuations of the bed surface occurred.

In the experiments with the glass sphems=1.5 and 2.5 mm), fully particulate
expansion was not detected. Within the bed of the 1.5 mm particles, quite narrow
pockets appeared at a bed voidage of around 0.6. The voidage discontinuities s
the entire column cross section and tended to break as the liquid superficial ve
was increased. Flat voids appeared in the bed of the larger parﬁpteQ(S mm)
ate + 0.4-0.5. The visual observations of both systems indicate that the transition
particulate to aggregative behaviour is more distinct for smaller particles than for |
ones. More or less diffusive transition appears to be characteristic of large susy
particles.

Comparison with Theory

As follows from Eqgs 1)—(4), the voidage of liquid—solid fluidized beds is an intrice
function of the flow conditionsRe and the Archimedes numbéer. As we discussed
recently in ref and as illustrated in Fig. 1, there are appreciable differences in pre
ing the velocity—voidage relationships. On the other hand, the free fall conditiol
isolated spheres at steady-state given by

CpRef = %Ar 12

can be estimated quite accurately with the aid of the Turton—Levenspiel correlatic
the drag coefficieri

0.413
1+ 16 300Re; 109 °

Cp= é—‘; (1+0.173Re?65) + 13

Predictions for nonspherical particles can be, however, substantially less d€cur
The Wallis’'s stability criterion may simply be expressed in dimensionless f
through the functiorr introduced as
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I:U = (Ue - Ue)/Ue . (14)

The quantityF, can readily be evaluated as a function of bed voidadegsitive and
negative values df reflect homogeneous and heterogeneous behaviour, respect
Zero value ofF pinpoints a voidage at which the transition from homogeneou:
heterogeneous fluidization is predicted to occur. Using Bgg@®) and (4), we have
made systematic predictions of the functigyfor differente. Dimensionless criteria of
stability alternative to Eq1@) may be expressed on the basis of BY.of (9).

As can be seen above, the purely empirical Richardson—Zaki expongig an
important quantity. This exponent was predicted with the aid of q. (

Values of the criterion1d) were systematically computed for the systems explo
by experiment and plotted in Figs 2 and 3 (as a function of bed voidage). As de
strated by curved and2 in Fig. 2, the smallest steel particlely £ 0.2 mm) expand
fully in the particulate manneiF(, > 0). Equation §) suggests and curvesand 2 in
Fig. 2 visualize that greater values of the Richardson—Zaki expar(@stpredicted by
Eqg. @) signal the lower stability of moderately expanded beds with the same part

Particles withd, = 0.5 mm pass througkt
1 [ 0.3 :

Fy Fy

0 O -
1
2
-1 ! -0.3 L
0.4 0.7 1.0 0.4 0.7 1.0
Fic. 2 Fic. 3

Mode of fluidization of steel spheres by am-
bient water indicated by the stability criterion
(14) as a function of bed voidage and particle
diameter.1 d, = 0.2 mm,n = 3.28 (predicted
by Eg. 8)); 2d,= 0.2 mm,n = 3.77 (predicted
by Eq. @)); 3 d,= 0.5 mm,n = 2.7 (predicted
by Eqg. @)), * experimental point of transition;
4 d,= 1.0 mm,n = 2.5 (predicted by Eq3J),

e experimental point of transition

Mode of fluidization of glass spheres by an
bient water indicated by the stability criteriol
(14) as a function of bed voidage and partic
diameter.1 apz 1.5 mm,n = 2.5 (predicted by
Eqg. @)), x experimental point of transition?
d,= 2.5 mm,n = 2.4 (predicted by Eq3)), O
experimental point of transition
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both the fluidization regimes and particles vw'_ip: 1.0 mm expand always aggreg
tively from the onset of fluidization. These model estimates are in reasonable agre
with the experimental findings presented in Figs 2 and 3.

The second intersection Bf, with the abscissa in Fig. 3 marks a return from agc
gative to particulate behaviour at a higher bed voidage. Unfortunately, this intere
point was difficult to examine because of fluctuations of the bed surface and a
capacity of the circulation pump.

Similarly, values of the Wallis’s criterion were also evaluated for the glass part
(ap: 1.5 and 2.5 mm). The computed results are plotted as a function of the bed
age in Fig. 3. As can be seen, the mode of fluidization passes through both regil
expansion. This is also in qualitative agreement with the experimental observatio

Several decades ago, Wilhelm and KwRykoposed the Froude number defined
Eq. (10) as a practical criterion for discriminating between the particulate and agg
tive behaviour of fluidized beds. These authors employed this parameter purely
empirical basis without physical reasoning. They reported that the fluidized be
haved aggregatively fdfr > 1.

With respect to Eqs8] and ), it is apparent that rather than the Froude num
alone either of the equivalent groups

Fr/(1 - De) = Re/(Ar De) (15)

should rather be employed for predicting the point of transition from the homoger
to the bubbling fluidization.

The above criterion is employed below in efforts to draw a global map of partic
and aggregative behaviour of beds fluidized with different fluids.

The point at which the curvig, = F(Ar, €) just touches the horizontal axis corr
sponds to the critical (maximum) value Bf/(1 — De) for which the system still be-
haves particulately throughout the whole range of expansion. Such critical valu
Fr/(1 — De) were systematically estimated from E§) for Ar 0 [1, 100ande = 0.8
with the aid of the empirical correlatioB)(for the Richardson—Zaki exponemt The
computed results are shown in Figs 4 (Ieand 5.

The other critical value of the criteridfr/(1 —De) corresponds to a situation whel
the curveF, intersects the abscissa already at the voidage equal to the bed void
the point of minimum fluidizationi.e., ate = €= 0.4. Such states are delineated
curve 2 in Fig. 4. This curve marks the boundary of the systems which expand a
gatively from the onset of fluidization.

The area between lindsand?2 in Fig. 4 represents the systems that expand part
lately or aggregatively in dependence on the corresponding voidage of bed and t
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the actual fluid velocity. As demonstrated in this figure, the experimental data poi
though not numerous — support the model predictions.

The region3 in Fig. 4 represents typical Group A particles in the Geldart's dig§¢anm
for classifying materials that are very easy to fluidize with gas. Such powders are
acterized by a relatively small particle size (typically materials djth 50-100um)
and a low particle density (typically, = 600-1 100 kg n¥). Fluid cracking catalysts
are typical examples of these fine and light powders. Their gas fluidized beds un
considerable expansion at gas velocities between the minimum fluidization vel
U, and the velocity at which bubbling commences (the minimum bubbling p
U w)- The minimum bubbling velocity),,,, is always greater than the minimum fluid
zation velocity,U;. In other words, the beds of Group A solids exhibit both aggre
tive and particulate behaviour, which is in agreement with the theoretical predic
shown in Fig. 4.

150 5.0 T
T
Q T
I Q
s I
R 4 2
T
75 L 45 |- i
1
0 4.0 T L
1 1 1.10 A 1.10
Fc. 4 FG. 5
Mapping of the mode of fluidizationi pre- Mapping of the mode of fluidization. The solic

dicted boundary below which fully particulate line shows the predicted bounds of fully pa
expansion occurss = 0.8; 2 predicted bound- ticulate expansion (enlarged section of Fig.
ary above which fully aggregative expansion with line 1); 1 fully particulate fluidization;2
occurs,e = 0.4; 3 empirical region representing particulate and aggregative fluidization
typical, very-easy-to—fluidize, Group A solids

of the Geldart classificatiéfi which exhibit

particulate-aggregative  behaviour  when

fluidized by ambient airAr = 10, Fr = 15); ex-

perimental data (fluidization with ambient

water): +ps= 7 700 kg ", d, = 0.2 mm; *py=

7 700 kg m®, d,= 0.5 mm,e ps= 7 700 kg r°,

d, = 1.0 mm;x pg=2 700 kg ¥, d,= 1.5 mm;

0 ps= 2 700 kg m°, d, = 2.5 mm
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Figure 5 indicates that the bounds of particulate fluidization intuitively assume
Wilhelm and Kwauk® (Fr = 1 for Ar = 5 andDe << 1) seem to be somewhat consen
tive. Nevertheless, such values are not far from the predictions shown in Fig. 5.

CONCLUSIONS

The transition from particulate to aggregative mode of fluidization can be conveni
predicted with the aid of the general stability criterion of Walld the particle bed
model of Foscolo and Gibilath The flow conditions at which the onset of heteroc
neities (bubbles) occurs (point of minimum bubbling) are an intricate function of
Archimedes criterion, the fluid—solid density ratio and the bed voidage. The
mencement of a bubbling regime is more easily observed for smaller particles
present experience suggests that the proposed mapping of behaviour of liquid flu
beds is at least in qualitative agreement also with the entirely empirical Geldart ¢
fication diagram of solids for their fluidizing with air.

SYMBOLS
Ar Archimedes numberr = digpr(ps— pr)/pe
Co drag coefficient of particleCo = 4gdy(ps— pr)/(3UZpr)
dp diameter of particles, m
ap mean diameter of particles, m
De fluid—solid density ratioPe = ps/ps
F cross-sectional area of columnZm
Fu stability function defined by Eql14)
Fr Froude numberkr = UZ/(gd,) = Ref/Ga = (Ref/Ar)(1 —De)/De = (Re@/Ar)(ps— pr)/pr
g acceleration due to gravitg,= 9.807 m ¥
Ga Galileo numberGa = gd3 p#/ pf = Ar De/(1 —De) = Ar pr/(ps— pr)
H bed height, m
n Richardson—Zaki exponent defined by Ef). (
Re Reynolds numbeRRe = Udyps/ps
Renb Reynolds number at minimum bubbling conditi®&nn = UmpOppt/i
Reant Reynolds number at minimum fluidization conditid®gns = Umitpps/pis
Re Reynolds number at terminal velocity of falling partidRe = Udppt/ps
] superficial velocity of fluid, m3
Ue dynamic (elastic) wave velocity defined by EB), (m s*
Umb velocity of fluid at minimum bubbling condition, n's
Ums velocity of fluid at minimum fluidization condition, nt’s
Ut terminal, free fall velocity of particle, nts
Ue continuity (voidage propagation) wave velocity defined by Bjj.ro st
w mass of particles, kg
€ voidage, void fraction (porosity)
Emb voidage at minimum bubbling condition
Emf voidage at minimum fluidization condition
s fluid viscosity, kg mts?
P fluid density, kg m®
Ps solid density, kg m?
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